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Cross-Couplings
Abstract
We have demonstrated that air-stable cationic gold(I) cocatalysts have the capacity to enhance the efficiency
of palladium-catalyzed cross-couplings. Specifically, we determined that a 1:1 [Pd{P(t-Bu)3}2]/[Au{P(t-
Bu)3}(NTf2)] system provides superior reactivity relative to [Pd{P(t-Bu)3}2], across Suzuki-Miyaura, Stille,
and Mizoroki-Heck reactions performed under mild conditions. Our results are consistent with cationic
gold(I) species serving primarily as phosphine scavengers in this chemistry, as recently predicted by density
functional theory (DFT).
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palladium-catalyzed	 cross-couplings.	 Specifically,	we	determined	 that	 a	1:1	 [Pd{P(t-Bu)3}2]/	 [Au{P(t-Bu)3}(NTf2)]	 system	

















proceeds	 via	 the	 monophosphine-ligated	 intermediate	
[Pd{P(t-Bu)3}].3,4	 It	 has	 also	 been	 reported	 that	 catalyti-
cally-inactive	[Pd{P(t-Bu)3}2]	comprises	the	catalyst	resting	
state	 in	 various	Mizoroki–Heck	 and	 Suzuki–Miyaura	 cou-
plings.3a,c	Thus,	~1:1	 ratios	of	Pd	 :	P(t-Bu)3	are	often	em-






emergence	 of	 homo-	 and	 heterobimetallic	 systems	 in	 ho-
mogenous	catalysis	are	examples	of	 this.6	Gold	complexes	
have	been	employed	in	the	latter	capacity.6a,b	Many	of	these	
studies	 describe	Au(I)	 species	 serving	 as	 transmetalating	
intermediates	derived	 from	various	alkyne/	allene	activa-








bility	 of	 a	 Pd/	 Au	 cocatalyst	 system	 to	 promote	 the	 car-








phosphine-ligated	 [Pd{P(t-Bu)3}]	 from	 its	 stable	 (catalyti-
cally-inactive)	 bis-ligated	 precursor.	 This	 prompted	 us	 to	
postulate	that	Pd/	Au	cocatalysis	could	be	exploited	to	en-
hance	the	reactivity	of	this	(and	perhaps	other	Pd/	PR3)	cat-



























[Au{P(t-Bu)3}(NTf2)]	 systems	 can	 provide	 superior	 effi-
ciency	relative	to	[Pd{P(t-Bu)3}2]	 in	key	couplings,	 includ-
ing:	 Suzuki–Miyaura,	 Stille,	 and	Mizoroki–Heck	 reactions.	
These	data	are	consistent	with	the	gold	cocatalyst	playing	a	
key	role	primarily	as	a	phosphine	scavenger.	
RESULTS AND DISCUSSION 
First,	 we	 investigated	 the	 capacity	 of	 [Au{P(t-
Bu)3}(NTf2)]	 (1)	 to	 formally	 abstract	 P(t-Bu)3	 from	 the	
bis(phosphine)-ligated	Pd(0)	 complex	 [Pd{P(t-Bu)3}2]	 (2)	
(Scheme	1).	After	the	addition	of	Au	complex	1	to	Pd	com-
plex	2,	a	new	signal	(d	97.0	ppm)	appeared,	consistent	with	
the	 rapid	 formation	 of	 [Au{P(t-Bu)3}2]+,	 as	 judged	 by	 31P	
NMR	spectroscopy.12,13	We	also	isolated	and	crystallograph-



















minutes.	 Specifically,	 31P	NMR	 spectroscopy	 indicated	 the	





We	 obtained	 analogous	 results	 employing	 other	 com-
mercially	available,	air-stable	cationic	Au(I)	complexes	5–7	
in	equivalent	experiments.	In	each	case,	oxidative	addition	




various	 Mizoroki–Heck	 and	 Suzuki–Miyaura	 couplings.3a,c	
The	presence	of	free	phosphine	has	also	been	shown	to	re-
duce	 the	 efficiency	 of	 transmetalation	 in	 Suzuki–Miyaura	
and	 Stille	 cross-coupling	 reactions	mediated	 by	 Pd/	 PPh3	
systems.16,17	
The	capacity	of	substoichiometric	quantities	of	copper	
salts	 to	 accelerate	 and	 enhance	 the	 efficiency	 of	 Pd-cata-







this	 phenomenon	 in	 every	 instance,	 two	 primary	 effects	
have	been	proposed.6b	Specifically,	the	operation	of	possible	
tin/	 copper	 transmetalation	 mechanisms	 have	 been	 in-
voked	 in	 these	Stille	processes	 (particularly	 in	very	polar	
solvents	such	as	NMP,	DMF,	and	DMSO),6b,17b,21	in	addition	
to	 the	 phosphine-scavenging	 capacity	 of	 copper	 spe-
cies.17b,c,18a,22	 The	 latter	 effect	 is	 thought	 to	 be	 most	 pro-











ing	 processes	 may	 be	 operative	 in	 Suzuki–Miyaura	 reac-
tions	 performed	 in	 the	 presence	 of	 CuI.19a	 Furthermore,	
Hobbs	noted	a	specific	1:2	Pd/	Cu	cocatalyst	ratio	provided	
optimal	 results	 in	 Sonogashira	 reactions	 employing	





uene	 to	 an	 active	 species	 derived	 from	 [Pd{P(t-Bu)3}2]	
(Scheme	2).	We	also	isolated	and	crystallographically	char-
acterized	 the	 mononuclear	 complex	 [Cu{P(t-Bu)3}2]PF6	
(9).25		
To	 explore	 the	 viability	 of	 our	 proposed	 phosphine-
scavenging	strategy	in	synthesis,	we	investigated	the	effects	
of	Pd	complex	2/	Au	complex	1	(and	Pd	complex	2/	Cu	com-
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hanced	 rate	 of	 product	 formation.26,27	 Employing	 3%	 Au	
complex	1	afforded	negligible	differences	in	reactivity	rela-
tive	to	1%	loading	(see	Supporting	Information),	which	is	
consistent	 with	 the	 phosphine-scavenging	 capacity	 of	 Au	
complex	1	playing	a	key	role	in	improving	the	efficiency	of	
this	 transformation.28	 Similar	 results	 were	 also	 obtained	
when	a	1%	Pd(dba)2/	1%	[HP(t-Bu)3]BF4	catalyst	system	






Miyaura	 cross-couplings.	 The	 experiment	 employing	 only	Pd	
catalyst	2	is	represented	with	a	black	line.29		
In	a	recent	study,16,30	we	identified	that	the	poor	turno-
ver	of	 key	on-cycle	 intermediate	 trans-[Pd(PPh3)2(Ar)(I)]	
in	the	presence	of	free	PPh3	was	responsible	for	the	surpris-
ingly	poor	reactivity	of	aryl	iodides	in	[Pd(PPh3)4]-catalyzed	
Suzuki–Miyaura	 cross-couplings	 performed	 at	 relatively	
low	temperatures	(Schemes	3A	and	3B).31	Our	report	also	
illustrated	the	drastic	difference	between	this	process	and	
the	 equivalent	 reaction	 utilizing	 aryl	 bromides	 (Scheme	






Employing	 3%	 [Au(PPh3)(NTf2)]	 afforded	 essentially	
the	same	results	relative	to	2%	5.	Significant	reactivity	dif-
ferences	 were	 observed	 when	 1:1	 and	 1:2	 ratios	 of	
[Pd(PPh3)4]	and	[Au(PPh3)(NTf2)]	were	employed	in	these	
Suzuki–Miyaura	couplings.	In	contrast,	similar	results	were	




gated	 the	 ability	 of	 [Au(PPh3)(NTf2)]	 (5)	 to	 formally	 ab-
stract	PPh3	from	[Pd(PPh3)4]	(Scheme	3D).	After	the	addi-
tion	of	Au	complex	5	to	a	solution	containing	this	Pd(0)	spe-
cies,	 a	 new	 signal	 (d	 22.1	ppm)	was	observed,	 consistent	
with	the	formation	of	[Au(PPh3)3]+	(10),		as	judged	by	31P	
NMR	 spectroscopy.33	 This	 demonstrates	 capacity	 for	 Au	
complex	5	to	scavenge	PPh3.34	
	
Scheme	 3.	 A)	 Reported	 inefficient	 Pd-catalyzed	 Suzuki–
Miyaura	couplings	of	aryl	iodides.16	B)	Reported	poor	turn-
over	 of	 trans-[Pd(PPh3)2(Ar)(I)]	 in	 the	 presence	 of	 free	
PPh3.16	C)	Investigating	the	effects	of	cocatalysts	5	or	8	on	
the	 efficiency	 of	 Pd-catalyzed	 Suzuki–Miyaura	 reactions	










vided	 a	 more	 efficient	 process	 relative	 to	 the	 reaction	
1% Pd 2
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X% PPh3, 4 equiv Na2CO3
4:1 n-PrOH/ H2O
50 °C, 0.5 h

























































In	 summary,	 we	 have	 demonstrated	 that	 substoichio-
metric	quantities	of	air-stable	cationic	Au(I)	complexes	can	
accelerate	and	enhance	the	efficiency	of	Pd-catalyzed	cross-
coupling	 reactions.	 Our	 observations	 are	 consistent	 with	
Au(I)	 cocatalysts	 serving	 primarily	 as	 phosphine	 scaven-
gers	in	these	processes	and	these	findings	reinforce	the	pre-
dictions	 of	 a	 recently	 published	 DFT	 study.11	 Our	 results	
also	suggest	that	gold	additives	may	be	more	effective	than	








investigate	 the	 broader	 implications	 and	 further	 applica-
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